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Abstract 
We investigated a novel process chain based on Nanoimprint Lithography (NIL) for realising defined textures. As 
application we chose the honeycomb texturing of multicrystalline silicon (mc-Si), which so far was applied using 
elaborate photolithographic processing for reaching the highest efficiencies on this type of substrate material up to 
now. 
The developed process chain contains the single steps of interference lithography (master origination of the 
hexagonal pattern) and cast moulding of silicone (stamp fabrication) as preliminary steps and the repetitive steps of 
NIL (structuring of the etching mask) and plasma etching (pattern transfer into the mc-Si substrate). 
First characterization steps of these textured substrates included reflection measurements to evaluate their optical 
properties as well as determination of emitter saturation current densities to gain information about potential plasma 
induced damages. These tests were conducted on high-quality float zone monocrystalline silicon to be not affected by 
material quality issues. Solar cells fabricated out of these test samples showed short circuit current densities 
exceeding 40 mA/cm², revealing the potential of this texturing scheme. 
To further increase the feasibility of this process chain we developed a roller-NIL tool, which allows the patterning of 
UV-curable resists on non transparent, rough and brittle mc-Si substrates in a continuous process flow. Results of 
imprint quality using this novel tool are also shown in this work. 
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1. Introduction 
Texturing a solar cell´s surface, one aims for two positive effects: (i) the overall reflectivity can be 
lowered typically due to multiple reflections and (ii) the incoming light is deflected sideways and path 
lengths within the substrate can be enhanced [1]. This second effect is becoming more and more 
important nowadays for decreasing cell thicknesses to maintain high light absorption and thus current 
densities. In industrial environments solely maskless stochastic texturing schemes are used. However, for 
reaching the highest efficiencies in laboratory scale photolithographic processes are applied to generate 
defined textures. The number and complexity of processes related to a photolithographic structuring of 
etching masks up to now made the fabrication of defined textures in an industrial scale unattractive. For 
mc-Si the difference in texture quality between industrial standard and defined high efficiency textures is 
especially pronounced. Therefore, we are working on potentially industrial scale processes to fabricate the 
so called honeycomb texture, which was used for the record efficiency of 20.4% on mc-Si [2]. 
Nanoimprint Lithography (NIL) is a modern top-down approach for defining patterns similar to hot 
embossing processes [3]. Compared to classical photolithography, NIL processing not only has the 
potential for higher throughputs, but even allows the patterning of smaller features. In NIL, typically a 
structured stamp is replicated into a thin polymeric layer on top of a substrate to define a pattern, which is 
later on used as etching mask or lift-off layer. Haisma et al. introduced the possibility to use transparent 
stamps to pattern UV-curable resins for the use as etching mask. Thereby process times potentially can be 
decreased compared to imprinting in thermoplastic materials [4]. The main field of research for NIL 
marks its use as prospective technology for microelectronics, where wafer stepper systems could be 
applied to replicate sub-100 nm patterns. There, this technology already 2003 was introduced in the 
international technology roadmap for semiconductors. We are not following this high-resolution wafer-
stepping approach, but are trying to set up full wafer imprinting processes on potentially rough mc-Si 
substrates. To allow a conformal contact of a stamp to a rough wafer scale surface, one can use 
elastomeric stamp materials [5]. After structuring an etching mask via NIL, the thereby defined hexagonal 
pattern is transferred into the substrate via plasma etching processes [6]. Following to a lift-off of resist 
residues, the textured substrates are characterized optically as well as electrically. 
Additionally to these proof of concept studies, using a laboratory scale tool for the NIL process, we are 
developing a roller-NIL tool to allow a high-resolution in-line patterning of etching masks. Results of 
imprinted etching masks of this newly developed tool on mc-Si substrates are also presented in this work. 
2. Description of the process chain 
As already mentioned, the NIL process is a top-down approach, meaning that in a first step somehow 
master structures have to be originated. We use interference lithography to fabricate these master 
structures having a hexagonal symmetry with a period as well as a depth of around 8 μm. A further 
explanation of this technology as well as other application examples is given in [7]. Here, the interference 
pattern, resulting from the superposition of three expanded laser beams is applied to expose a positive 
tone photoresist on a substrate size of 250 x 250 mm² (see fig.1a). These masters then can be replicated 
many times via electroforming. During these replication steps typically some millimeters of the original 
substrate size are lost. For the given master structure size a full wafer scale processing in the NIL process 
later on will be possible. 
From the metal replication of the master structure, a nonwearing cast moulding replication process into 
a flexible addition curing polydimethylsiloxane (PDMS) material follows. Already during the curing of 
the PDMS, it is bonded to a quartz carrier substrate. This PDMS serves as stamp within the NIL process 
and has the inverse pattern of the master on its surface (fig. 1b). Soft stamp materials are necessary to be 
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able to achieve a conformal contact of stamp and potentially rough substrates on full wafer scale areas 
[8]. The processes of master and stamp fabrication can be understood as preliminary processes. They are 
followed by the repetitive processes of NIL and etching, which are conducted for each single substrate to 
be textured. 
In the NIL process, the silicon substrate we want to texture is coated with a negative tone photoresist 
in a spin coating process. Then the stamp is pressed into the low viscous resist and, while maintaining the 
pressure, an exposure is started to cure the resist. Since we are dealing with silicon substrates, the 
exposure has to be realized through the stamp. After the curing the stamp can be demoulded and a 
patterned resist layer remains on top of the silicon substrate (fig. 1c). Besides a high pattern fidelity of 
this replication process, the most important characteristic is the so called residual layer thickness (resist 
layer beneath the imprinted pattern). This residual layer thickness has to be as thin as possible (to allow 
an immediate etching in the next process step) as well as homogeneous as possible (necessary for the 
homogeneity of the etched pattern later on). 
For the plasma etching, we set up a two step etching process according to [9], which comprises of a 
reactive ion etching process (RIE) to generate deep etching pits and a microwave plasma etching process 
to widen these etching pits and remove potentially plasma induced damages [10]. Figure 1d) shows a 
scanning electron microscope (SEM) micrograph of the resulting honeycomb texture after the plasma 
etching processes. There, the negative influence of a step at a grain boundary on the homogeneity of the 
transferred pattern is visible. These steps lead to inhomogeneities of the residual layer after the NIL 
process, which later on are responsible for such defects as can be seen in this SEM micrograph. 
 
a)  b)  
c)  d)  
Fig. 1: SEM micrographs of surface structures of the single steps in the presented process chain. a) Hexagonal pattern in positive 
resist after interference lithography and development. b) PDMS replication, which serves as stamp in the NIL. c) Via Roller-NIL 
patterned resist layer on top of a rough mc-Si substrate (100x100 mm²). d) Honeycomb textured mc-Si surface, showing the 
topographical influence of a grain boundary. 
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3. Development of a roller-NIL tool 
In a first step we developed a NIL tool, where a planar stamp is pressed onto the coated sample. There, 
we used an air cushion to achieve a pressure uniformity as homogeneous as possible. All samples 
characterized in section 4 were processed, using this conventional NIL tool. In a next step we designed a 
roller-NIL tool to increase the feasibility of this process for industrial environments [11]. In contrast to 
roll-to-roll tools for structuring flexible materials, as already used in industrial applications, our tool is 
capable of a UV-curing process on stiff, brittle and potentially rough substrates as can be expected for 
mc-Si wafers. This tool was designed considering the following points:  
 Continuous process flow Æ roller processing 
 pattering of UV-curable resists Æ exposure through the stamp 
 stiff, rough and brittle substrates Æ flexible stamp materials. 
In the resulting setup a flexible and transparent stamp is wrapped around a quartz roll, in which an 
exposure unit, consisting of UV-LEDs, is mounted. This setup allows the patterning of etching masks on 
rough surfaces even for non-transparent and brittle substrates (the sample shown in the SEM micrograph 
in fig. 1c was also processed using this tool). In the current experimental setup, a stamp size of 
140 x 140 mm² is implemented in the roller-NIL tool, which easily can be scaled up later on (fig. 2). As a 
consequence of the reduced linear contact area of stamp and substrate compared to the planar stamp, a 
very uniform residual layer thickness can be achieved. This is visualized in figure 2, where SEM 
micrographs on the corners as well as the middle of a patterned resist layer on top of a glass substrate are 
shown. On the whole patterned area of 140 x 140 mm² a near zero residual layer thickness was observed. 
The patterning of etching masks on mc-Si substrates also was improved using this novel tool. Here, the 
reduced contact area is beneficial in terms of the adaptability on rough surfaces. Another advantage 
concerns the demoulding process, which can be realized far more accurate and controlled as for a planar 
stamp setup. During the imprinting and demoulding the wafer is fixed on a vacuum chuck, which at the 
moment allows the patterning of etching masks on substrate sizes up to 125 x 125 mm². 
 
 
Fig. 2: SEM micrographs of a patterned resist layer on a glass substrate. The patterned area is 140 x 140 mm². The patterning was 
conducted using the roller-NIL tool presented within this work. All across the sample a near zero residual layer thickness was 
observed. The micrograph of the slightly distorted pattern in the upper left corner indicates a deformation of the flexible stamp. 
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4. Characterisation of honeycomb textured substrates 
A first criterion to characterise textured surfaces concerns their optical properties, which can be 
quantified by reflection measurements. Results of these measurements show, that there are differences for 
the presented process chain depending on the substrate type (mc-Si or c-Si). These differences can be 
explained looking at the surface roughness of the substrates before texturisation as mentioned before. 
Still, the quality of the NIL process is far superior to the acidic wet chemical (or isotexture), which is the 
industrial standard texture. Also the gap to monocrystalline silicon is not very big. There, on bright etched 
c-Si surfaces, the quality of the NIL honeycomb texture is even very close to the excellent inverted 
pyramids (figure 3a). The values for the weighted reflectance also given in this figure are calculated via 
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using the whole measured range from 300 nm to 1200 nm. It has to be stated that in the long 
wavelength range these measurements are affected by the wafers rear side. All wafers, except for the 
isotextured one, had planar rear sides. 
Besides the optical properties, care has to be taken about the electrical properties. We investigated 
these by processing lifetime samples on high quality FZ material, from which emitter saturation current 
densities j0E were evaluated. These values were compared to ones of isotexured samples and ones having 
a random pyramids texture, leading to the conclusion, that there is no significant increase in j0E for the 
honeycombs due to plasma induced damages [12]. Further on, cells were fabricated out of this batch on 
FZ 8 Ωcm substrates with values for jSC exceeding 40 mA/cm² (a quantum efficiency measurement is 
shown in figure 3b). The overall performance was rather moderate mainly due to the high resistivity 
material in combination with the laser fired contacts (LFC) process reducing VOC and metallization 
problems leading to low fill factor values (average of 11 cells on 2x2 cm²: VOC 622 mV, jSC 39,6 mA/cm², 
FF 72,8 %, η 17,9 %). These problems as well as a change to mc-Si material have to be tackled in the 
next steps to verify the potential of this innovative texturing scheme. 
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Fig 3: a) Reflection measurements of differently textured substrates without antireflection coating. In the background the solar 
AM1.5g spectrum is shown, with which the reflection measurements are weighted. b) Reflection, internal and external quantum 
efficiency (IQE, EQE) of a via NIL honeycomb textured solar cell on FZ c-Si material. 
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5. Conclusions and outlook 
High quality honeycomb textures on multicrystalline silicon can be realized via Nanoimprint 
Lithography and subsequent plasma etching. Thereby, weighted reflection values of 14,6 % were 
achieved on multicrystalline silicon, which is far superior to the industrial standard isotexture with around 
22 %. On monocrystalline silicon values of down to 12,5 % were reached, which even is in close vicinity 
to the excellent inverted pyramids texture. First cell results confirmed these strong reflection 
measurements by short circuit current densities exceeding 40 mA/cm². However, the overall cell 
efficiencies were rather moderate, which is partially understood. Necessary optimization and a complete 
understanding of losses is ongoing research and will be investigated further in detail. 
Further, we reported on the latest development of a novel roller-NIL tool. This tool allows the high-
resolution patterning of etching masks in a continuous process flow. The current experimental setup 
allows the patterning of 140 x 140 mm². In the next step stamp size as well as the vacuum carrier system 
will be enlarged to be able to process 156 x 156 mm² substrates. To further on increase the feasibility of 
this tool for industrial environments, an in-line resist coating process will have to be integrated. To be not 
restricted solely to plasma etching processes, already first tests for wet chemical etching processes were 
conducted, which are not yet published within this work. 
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